Expression and pharmacological studies support a contribution of cyclooxygenase (COX)-2 to mammary gland tumorigenesis. In a recent transgenic study, mouse mammary tumor virus promoter-driven COX-2 expression in mouse mammary glands was shown to result in alveolar hyperplasia, dysplasia, and carcinomas after multiple rounds of pregnancy and lactation. In the study presented here, the effects of constitutive COX-2 overexpression in keratin 5-positive myoepithelial and luminal cells, driven by the keratin 5 promoter in a hormone-independent manner, was investigated. In nulliparous female mice, aberrant COX-2 overexpression correlated with increased prostaglandin (PG) E 2 levels and caused cystic duct dilatations, adenosis, and fibrosis whereas carcinomas developed rarely. This phenotype depended on COX-2-mediated PGE 2 synthesis and correlated with increased expression of proliferation- The mammary gland epithelium, with its lobular-alveolar system, interlobular, and terminal ducts is primarily comprised of two epithelial cell layers: a layer of luminal cells with the potential to secrete milk and a basal layer of contractile myoepithelial cells that are involved in milk ejection during lactation. A distinguishing characteristic of these major cell types is the expression of keratin (K) 5, K14, and smooth muscle actin (SMA) in myoepithelia and the expression of K8, K18, and K19 in luminal epithelia.
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The vast majority of breast carcinomas arise from the terminal lobular-alveolar unit. Most of them express keratins that are consistent with a luminal origin and are thought to progress through a multistep sequence, ie, atypical ductal hyperplasia, ductal carcinoma in situ, invasive ductal carcinoma, and metastases. 2 Breast carcinomas that show myoepithelial differentiation are rare. 3, 4 Although myoepithelial cells have been implicated in proliferative benign lesions such as sclerosing adenosis and intraductal papillomas, 4, 5 their contribution to the development of ductal carcinomas is not well understood. 4, 6 Within the scope of efforts in breast cancer therapy, 7, 8 cyclooxygenase (COX)-2, the inducible form of the COX isozymes, which catalyzes the key reaction in prostaglandin (PG) synthesis, 9, 10 is considered a promising pharmacological target for the prevention and treatment of certain breast malignancies. 11, 12 This concept is supported by growing evidence of a correlation between aberrant COX-2 overexpression and cancer development in the breast. COX-2 has been found to be overexpressed in ductal carcinomas in situ and invasive adenocarcinomas. 11, [13] [14] [15] Strong COX-2 overexpression, which has been found in epithelial and vascular cells, seems to be limited, however, to subsets of human breast cancers characterized by HER-2/neu overexpression and poor prognosis. 13, 15 Moreover, the selective COX-2 inhibitor celecoxib reduced the formation and growth of experimentally induced COX-2-positive mammary gland cancers in rodents. 11, 16 Transgenic overexpression of COX-2 directed by the mouse mammary tumor virus promoter to luminal cells of ducts and alveoli induced focal alveolar hyperplasia, dysplasia and ductal, as well as lobuloalveolar carcinomas in multiparous females. 17 Furthermore in this transgenic model system the COX-2-mediated PGE 2 synthesis was shown to be critical for turning on the angiogenic switch in breast cancer progression. 18 Together these data strongly suggested that expression of COX-2 is sufficient for in situ tumor formation. 17, 18 Here we present the mammary gland phenotype of mice bearing the COX-2 transgene under the control of a K5 promoter. In contrast to the mouse mammary tumor virus model, transgenic COX-2 is expected to be constitutively expressed mainly in K5-expressing mammary myoepithelial cells and in a subset of luminal cells independent from estrous cycle, pregnancy, and lactation. Nulliparous mice spontaneously develop proliferative epithelial lesions, duct ectasias, cysts, and fibrosis, a phenotype that could be suppressed by a COX-2-selective inhibitor. The above abnormalities are known to be associated with FC of human breast. In fact, COX-2-overexpression was found in epithelial cells of such lesions.
Materials and Methods

Materials
Enzyme-linked immunosorbent assay-bovine serum albumin was purchased from Sigma. Polyclonal rabbit antimouse Ki67 and alkaline phosphatase-conjugated goat anti-rabbit IgG came from Dianova (Hamburg, Germany); rabbit polyclonal anti-EP2 receptor (SC-20675), -human HER-2 (SC-284), -ER␣ (SC-7207), -progesterone receptor (SC-538), goat polyclonal anti-␤-actin (SC-1616), -EP3 receptor (SC-16019), -EP4 receptor (SC-16022), -human COX-2 (SC-1745), and peroxidase-conjugated goat antirabbit IgG came from Santa Cruz, polyclonal anti-rabbit keratin 5 (K5) was from BabCo, mouse monoclonal antikeratin 18 was from Progen (Heidelberg, Germany) and monoclonal mouse anti-human SMA from DAKO, Glostrup, Denmark. Rabbit polyclonal anti-EP1 receptor antibody, PGE 2 -, and PGF 2␣ -enzyme immunoassay kits were from Cayman (Ann Arbor, MI). Aprotinin, leupeptin, and ␣ 2 -macroglobulin were from Roche Applied Sciences.
Animals
Wild-type (wt) NMRI mice (outbred strain from RCC, Fül-linsdorf, Switzerland) and K5 COX-2 transgenic lines 675 ϩ/ϩ and 667 ϩ/Ϫ were kept under an artificial day/night rhythm and were fed Altromin standard food and water ad libitum. 19 Experiments were approved by the Governmental Committee for Animal Experimentation (license 053/00).
Treatments
Biopsies were frozen immediately in liquid nitrogen or processed for histology or immunohistochemistry. To study the effect of a COX-2-selective inhibitor on the transgene-induced phenotype, a rodent diet 5010 containing 1500 ppm celecoxib (kindly provided by J. Masferrer, Pfizer, USA) was fed to transgenic mice starting on day 1 after birth for 3 to 6 months. The diet was delivered to nursing mice for 4 weeks and later on as regular chow.
Human Biopsies
Ten paraffin-embedded tissues each of breast carcinoma and FC and five of normal breasts were selected from the archives of the Institute of Pathology, University of Heidelberg, and used for immunohistochemistry. Snap-frozen tissues were used for immunoblots. Clinical data of breast cancer patients included mean age (62 Ϯ 12 years), premenopausal (n ϭ 2), postmenopausal (n ϭ 8), invasive ductal carcinomas (n ϭ 5), invasive ductolobular carcinoma (n ϭ 1), and invasive lobular carcinomas (n ϭ 4). TNM staging of carcinomas, treatment, presurgical treatment history, and HER-2, estrogen, and progesterone receptor status were recorded by I.B. (Department of Pathology, University of Heidelberg). Clinical data of patients with FC included mean age (51 Ϯ 12 years), premenopausal (n ϭ 6), postmenopausal (n ϭ 4), lesions with focal ductal benign epithelial proliferation (n ϭ 3), focal apocrine metaplasia (n ϭ 1), interstitial fibrosis, cystic duct, and lobular dilatation, no intraductal epithelial proliferation, apocrine metaplasia, or adenosis (n ϭ 6). Clinical data of patients with normal breast tissue included mean age (43 Ϯ 22 years), premenopausal (n ϭ 3), and postmenopausal (n ϭ 2). Tissues were taken by surgical breast reduction.
Immunoblot Analysis
Immunoprecipitation of COX isozymes and immunoblot analysis were performed as described using isozymespecific antisera. 20, 21 For detection of HER-2, and EP receptors, frozen skin powder was homogenized in a HP-buffer (50 mmol/L Tris/HCl, pH 7.4, 1% Tween 20, 2 mmol/L ethylenediaminetetraacetic acid, 1 mmol/L phenylmethyl sulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml leupeptin, and 2 mmol/L ␣ 2 -macroglobulin). Debris was removed by centrifugation (Beckman GPKR, 4000 rpm, 20 minutes, 4°C). Precipitated and denatured protein (120 g) was separated by 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis and processed as described. 22 Primary antibodies were used at a dilution of 1:250 to 1:1000. The secondary horseradish peroxidase-conjugated anti-IgG antibodies were used at a dilution of 1:2000. Immunodetection was performed using enhanced chemiluminescence reagent according to the manufacturer's instructions (Amersham Pharmacia). The specificity of the immunosignals was confirmed by complete quenching of the immunosignal on preadsorption of the antiserum with a 500-fold molar excess of the respective peptide antigen from Santa Cruz or Cayman.
Histochemistry and Immunohistochemistry
Five-m cryosections of mouse mammary gland were used for hematoxylin and eosin (H&E) staining. Immunostainings (COX-2, COX-1, Ki67) and double-immunofluorescence analysis of mouse tissue were performed with 5-m cryosections as published. 20, 23 Primary antibodies were diluted 1:50 and peroxidase-or fluorochrome-conjugated secondary antibodies 1:100 in blocking solution. Ki67-positive cells were determined as the percentage of the total number of epithelial mammary gland cells counted. For staining of human paraffin-embedded specimens, the COX-2 antibodies (diluted 1:100 in phosphatebuffered saline with 1.5% normal horse serum) were incubated for 2 hours at room temperature. COX-2 detection was performed using biotinylated universal secondary antibodies and peroxidase-coupled streptavidin. The kit reagents were used according to the manufacturer's instructions (Vector Laboratories Inc., Burlingame, CA). The nuclei were counterstained with hematoxylin. Negative controls included sections incubated without primary or with the isotype-matched primary antibody.
RNA Isolation and Reverse Transcriptase (RT)-Polymerase Chain Reaction (PCR) Analysis
Extraction of total RNA from pulverized mammary glands and RT-PCR were performed with the cDNA cycle kit (Invitrogen, Leek, The Netherlands) as described. 19, 21 Using primers 5Ј-ATTCCTGCAGCCCAACATCTGT-3Ј and 5Ј-AGGTTC-TGCTTTGGGTTTGGG-3Ј (set 1), a 460-bp fragment diagnostic for 3Јutr of transgenic mRNA was amplified. Using primers 5Ј-ACTCACTCAGTTTGTT-GAGTCATTC-3Ј and 5Ј-TTTGATTAGTACTGTAGGGTTA-ATG-3Ј (set 2), a 583-bp fragment diagnostic for COX-2 mRNA was amplified. ␤-actin (fragment size, 430 bp) was amplified with primers 5Ј-AAACTGGAACGGTGAAGGC-3Ј and 5Ј-GCTGCCTCAACACCTCAAC-3Ј.
Quantitative RT-PCR Analysis
cDNA was synthesized in a 20-l RT reaction containing 2 g of total RNA, 0.5 g oligo(dT) 18 -primer, 1ϫ RT buffer, 500 mol/L dNTP each, 10 U RNase inhibitor, and 4 U Omniscript reverse transcriptase (Qiagen), and was incubated at 37°C for 1 hour. cDNA was PCR-amplified in a 20-l reaction using the QuantiTect SYBR Green PCR kit (Qiagen), combining 1ϫ QuantiTect SYBR Green PCR Master Mix, 20 pmol aromatase sense 5Ј-TTAATGAAAG-CATGCGGTACC-3Ј and anti-sense 5Ј-GGAAGTACTC-GAGCCTGTGC-3Ј primer each and 2 l of the RT reaction. Thermal cycling was performed using the Mx3000P real-time PCR system (Stratagene) with an initial activation step of 15 minutes at 95°C, and 50 cycles of 15 seconds denaturation at 95°C, 30 seconds primer annealing at 55°C, and 30 seconds extension at 72°C. Amplification rates were measured automatically and the number of cycles needed to cross the threshold (C t ) determined. To confirm amplification specificity, the PCR products were subjected to a melting curve analysis and subsequent agarose gel electrophoresis.
Flow Cytometric Analysis
Multiparametric flow cytometry was performed as previously published 24 on a Galaxy pro flow cytometer using the Flow-Max program (Partec, Mü nster, Germany) and the Multi Cycle Software for cell cycle analysis (Phoenix Flow Systems, San Diego, CA). To analyze the expression of apoptosis markers phycoerythrin-labeled anticaspase 3 and anti-p53 antibodies (Apotech, c/o Alexis, Germany), and fluorescein isothiocyanate-labeled antiBcl-2 antibody (oncogene PC68) were used. For quantitations of DNA content, cells were counterstained with 4,6-diamidino-2-phenylindole. According to the published protocol, 24 2.1% citric acid containing 0.5% Tween 20 was used to isolate single cells from frozen mammary gland biopsies (n ϭ 5, each of wt and transgenic animals). For each measurement a minimum of 10,000 cells was analyzed. Cut-off negative and positive cells resulted from measurements of fluorescein isothiocyanate fluorescence and phycoerythrin fluorescence isotype controls for each sample.
Determination of PG Levels in Mammary Gland Tissue
PGE 2 contents were determined using a commercially available enzyme immunoassay kit, as described. 23 Concentrations (pg/mg protein) represent mean Ϯ SD (n ϭ 5). Statistical analysis was done with Student's t-test. P values Ͻ0.05 were regarded as significant.
Results
Phenotype of K5 COX-2 Transgenic Mammary Glands
We previously reported that K5 promoter-driven COX-2 overexpression in basal cells of interfollicular and follicular epidermis caused a preneoplastic skin phenotype in heterozygous transgenic mouse lines. 19, 23 An additional transgene-dependent phenotype, which is more pronounced in homozygous than in heterozygous mouse lines, was observed in mammary glands as reported here. Showing a normal appearance at birth, transgenic homozygous virgins (K5 COX-2/675 ϩ/ϩ ) began to differ from wt littermates at the age of 5 weeks, in that thoracic and inguinal mammary glands were enlarged. The remarkable size differences, shown for a 6-month-old (Figure 1B) and an 11-month-old transgenic ( Figure 1 , C and D) compared to a 6-month-old wt virgin ( Figure 1A ), were independent of any pregnancy or lactogenic hormones. Histological examination of mammary glands from ϩ/ϩ transgenic and wt virgin mice. A-E: Gross phenotype. Mammary glands of a 6-month-old wt (A), a 6-month-old (B) and an 11-month-old transgenic virgin (C, D), and a 6-month-old transgenic virgin fed with celecoxib throughout life (E). Inguinal (B, C) and thoracic (D) glands of transgenics were increased in size as compared to wt (A). F-K: Histology. H&E-stained sections of mammary glands of a 6-month-old wt (F) and a transgenic virgin (G, I), a 10-month-old transgenic (H, J), and a 6-month-old transgenic virgin fed with celecoxib diet throughout life (K). Note in transgenics the cystic transformations of the ducts (black asterisks in G and H), adenosis (bracket in G), periductal low-grade interstitial fibrosis (G, white arrow), and secreting alveoli (G and H, white circles; H, inset) as well as focal intraductal hyperplasia (I, arrows, and J). Original magnifications:
7-week-old to 6-month-old transgenic virgins revealed cystic duct dilatations and adenosis as the predominant changes ( Figure 1, G and H) . Some alveoli were filled with eosin-stainable secretion ( Figure 1H, inset) . Focally, intraductal hyperplasia (Figure 1, I and J) and periductal low-grade interstitial fibrosis were detected (Figure 1 , G and I). Invasive ductal carcinomas were seen at a rare frequency (1 of 1020) beyond 12 months of age and only after a pregnancy. Tumors with myoepithelial differentiation were never found. Overall the major morphological alterations diagnosed in K5-COX-2 transgenic mammary glands resembled those which are associated with FC in human breast tissue.
5,25
Expression and Activity of Transgenic COX-2
Because the K5 promoter is known to be active in mammary gland cells, 1 the histopathological changes in transgenics were expected to correlate with COX-2 overexpression. Transgene expression was detected by RT-PCR using the primer set 1 (Figure 2A) . The diagnostic COX-2 3Јutr DNA amplicon of 480 bp in size was consistently amplified using RNA of mammary glands of 7-week-old transgenic (six of six) but not from agematched wt virgins (none of six) confirming the specificity of the primers. RT-PCR with the primer set 2 generated an amplicon of 580 bp, which is diagnostic for transgenic and endogenous COX-2 mRNA and verified COX-2 expression in the same mammary glands from transgenics (six of six) and rarely (one of six) from wt virgins ( Figure 2B ).
Immunoblot analysis of mammary glands revealed COX-2 protein in all transgenic biopsies (n ϭ 8 biopsies from eight 7-week-old virgins), whereas corresponding wt tissues were COX-2-negative (representatively shown in Figure 2D ). COX-1 expression was similar in transgenic and wt mammary glands ( Figure 2E ). Concomitantly, with the increased COX-2 protein levels, approximately threefold increased PGE 2 levels were found in transgenic as compared to wt mammary glands ( Figure 2F ). PGE 2 may act via four G protein-coupled 7-transmembrane receptors EP1 to EP4. Expression levels of PGE 2 receptor isoforms EP2 ( Figure 2H ) were similar, whereas EP1 and EP3 protein levels tended to be reduced in transgenic as compared to wt mammary glands ( Figure 2H ). RT-PCR of transgenic and endogenous COX-2 mRNA of the same samples as in A using primer set no. 2. C: As an internal control ␤-actin was amplified. A-C: A negative control (PCR without cDNA) was included and gave no signals. D and E: COX isozyme levels in mammary glands of wt and transgenic (675 ϩ/ϩ ) virgins. Homogenates of mammary glands (n ϭ 3) were immunoprecipitated and immunoblotted using COX-2-specific (D) and COX-1-specific (E) antibodies. IgG (*) cross-reacted with the secondary antibody. F: PGE 2 levels in mammary glands of 7-week-old transgenic (675 ϩ/ϩ ) and wt virgins (n ϭ 5, P Ͻ 0.01). G: PGE 2 levels in mammary glands of 3-month-old transgenic virgins fed control diet (675 ϩ/ϩ , n ϭ 5) or diet containing celecoxib (675 ϩ/ϩ Cele, n ϭ 3) for 3 months after birth (P Ͻ 0.05). H: Immunoblot detection of EP1-EP3 receptors in mammary glands from 10-month-old transgenic and wt virgins (n ϭ 2 to 3). Arrows indicate specific immunosignals.
Immunohistochemical analysis of mammary gland cryosections from transgenics revealed COX-2-specific immunosignals in basal keratinocytes of the surface epithelium as well as in basal and luminal cells of the mammary gland epithelium, whereas mesenchymal and endothelial cells were COX-2-negative (Figure 3 ; C to E). This distribution corresponded to the described K5 promoter activity 1 and K5 expression in mammary glands of transgenics ( Figure 3, G and K, and insets) , except for the widespread luminal localization of COX-2 (Figure 3 ; D, E, I, K). COX-2 co-localized in the basal compartment with K5 ( Figure 3K , and inset) and with smooth muscle actin (data not shown). In luminal epithelium COX-2 was found to co-localize with subpopulations of K18-expressing cells (Figure 3 ; H, J, L), suggesting that endogenous COX-2 was up-regulated in these cells. In mammary gland tissue of wt mice, however, COX-2 was detectable only in a few keratinocytes of the superficial epithelium and in a few duct cells ( Figure 3, A and B) . COX-1 expression was mainly restricted to luminal cells of transgenic ( Figure 3F ) and wt mammary epithelium (not shown). Preadsorption of the antibodies with sequencespecific blocking peptides suppressed the immunosignals.
Development of the Mammary Gland Phenotype of K5 COX-2 Transgenic Virgins Depends on COX-2-Mediated PGE 2 Synthesis
When transgenic mice were fed the COX-2-selective inhibitor celecoxib 26 for 3 to 6 months postnatally PGE 2 accumulation in mammary gland was reduced to wt levels, whereas transgenic littermates fed with a drug-free control diet for the same period had highly elevated PG levels ( Figure 2G) . Moreover, the transgene-dependent phenotype for the mammary gland epithelium of the virgins, ie, cystic duct dilatations and adenosis ( Figure 1 , G and H), did not develop under celecoxib treatment (Figure 1K) . Instead, mammary gland morphology resembled that of wt virgins ( Figure 1F ) or wt mice with involuted mammary glands after a round of pregnancy and lactation (data not shown). The results confirm that the development of the transgenic phenotype was causally related to the COX-2-dependent PGE 2 synthesis.
Development of a Proliferative Phenotype in K5 COX-2 Transgenic Mammary Glands
The proliferation index in mammary gland epithelium, as revealed by Ki67 staining, was markedly increased in transgenics in both ducts and lobuli as compared to wt mammary glands [10.8% Ϯ 2 SEM (n ϭ 4 mice; total cell count, 4387) versus 3.5% ϩ 2 SEM (n ϭ 4 mice; total cell count, 2333). In transgenics, proliferating cells were found both in the myoepithelial and luminal layers, whereas only a few proliferating cells distributed throughout both layers were seen in wt tissue (Figure 4) .
The levels of apoptosis-related proteins Bcl-2, caspase 3, and p53 as analyzed by multiparametric flow cytometry were similar in mammary glands of wt and (insets G, I, K); ϫ16 (C, D); ϫ63 (A, B, E, F, G, I, K);  ϫ150 (H, J, L) . transgenic virgins, ie, the percentage of positive cells in wt and transgenic samples (n ϭ 5, each) was 5.4 Ϯ 1.7 versus 3.3 Ϯ 1.1 for Bcl-2; 3.7 Ϯ 0.3 versus 3.3 Ϯ 1.9 for caspase 3, and 5.1 Ϯ 2.2 versus 3.6 Ϯ 1.9 for p53, respectively.
Estrogen is known to be mitogenic for mammary gland epithelial cells. 27 The final step of estrogen biosynthesis is catalyzed by the enzyme aromatase, which is encoded by the Cyp19 gene. 28 Therefore we next looked for aromatase levels in transgenic mammary glands. Using quantitative RT-PCR, a significant increase in aromatase mRNA expression was observed in 6-month-old transgenic samples as compared to wt virgins ( Figure 5 ), whereas comparable aromatase mRNA levels were found in mammary glands of 7-week-old wt and transgenic virgins.
COX-2 Expression in Benign as Compared to Malignant Human Breast Diseases
Given that the mammary glands of transgenic mice exhibited signs of FC, we next addressed the question as to whether COX-2 expression is associated with benign breast diseases of humans. Therefore, tissue biopsies exhibiting focal ductal epithelial proliferation, focal apocrine metaplasia, interstitial fibrosis, cystic duct and lobular dilatation, intraductal epithelial proliferation, apocrine metaplasia, or adenosis versus normal breast tissue and breast carcinomas as controls were analyzed for COX-2 expression. Confirming previous studies, 11,13-15 COX-2 expression was found in HER-2-positive ductal carcinoma in situ and breast carcinomas ( Figure 6A ; lanes 1, 5 to 9) but not in HER-2-negative breast carcinomas and normal breast tissue ( Figure 6A, lanes 2 and 12) . Only faint or no COX-2-specific signals could be detected in biopsies from benign breast diseases ( Figure 6A; lanes  3, 4, and 10) . However, when using the more sensitive immunohistochemical analysis, 10 of 10 biopsies from benign breast diseases were COX-2-positive. Intermediate to high levels of COX-2 expression were found predominantly in epithelial cells of cysts and areas of apocrine metaplasia and intraductal epithelial proliferations ( Figure 6, C and D) . In contrast, in normal human breast tissue only a focal slight or moderate COX-2 immunoreactivity was detected in ductal and some lobular epithelial cells. Mesenchymal and endothelial cells were COX-2-negative ( Figure 6B ). Invasive ductal or lobular carcinomas and ductal carcinomas in situ showed a moderate to strong cytoplasmic COX-2 immunoreactivity in the atypic epithelium (representatively shown for a poorly differentiated ductal carcinoma in Figure 6E ).
Discussion
Several genetic studies document a cause and effect relationship between carcinogenesis and COX-2.
17-19,23,29 -32
Previously we showed that K5 promoter-driven COX-2 overexpression in the proliferative compartment of the epidermis, ie, in basal keratinocytes caused a hyperplastic and dysplastic tail epidermis because of abnormal terminal differentiation. 19 Although transgenic COX-2 overexpression was insufficient for spontaneous tumor induction in this organ it transformed epidermis into an autopromoted state, ie, sensitized the tissue dramatically for the carcinogenic activity of dimethylbenz[a]anthracene and as a consequence papillomas, squamous cell carcinomas, and sebaceous gland adenomas developed at a high frequency. 23 An additional phenotype that critically depended on COX-2 expression and activity emerged in the mammary gland of the mice. Transgenic COX-2 expression, which was associated with high tissue levels of PGE 2 , occurred in K5-and smooth muscle actin-positive myoepithelial and K5-positive luminal cells. In addition, COX-2 signals became apparent in some K18-positive luminal cells, indicating an up-regulation of endogenous COX-2. Duct dilatations in young transgenic virgins (up to 7 weeks) developed although secreted material was not seen in the ductal or alveolar structures. The cystic transformation of ducts that was observed with increasing age of nulliparous females may indicate an abnormal differentiation of luminal cells.
Along with cystic duct dilatations we recognized an increased number of glandular elements that were enlarged in size and surrounded focally by fibrosis. The mild intraductal hyperplasia that grew out focally may be regarded as the development of an initial stage in the hypothesized multistep sequence toward breast carcinomas. 33 However, subsequent preneoplastic stages, in- cluding atypical ductal hyperplasia or ductal carcinoma in situ or myoepithelial hyperplasia, were not found indicating that high COX-2 expression and activity in the mentioned cell types alone are not sufficient for tumor development. Invasive ductal carcinomas were only noticed in females with at least one round of pregnancy and developed with rare frequency in virgins, indicating that additional effects are required. An increased incidence of invasive ductal and lobuloalveolar carcinomas was observed in another transgenic model engineered to overexpress COX-2 under the control of the mouse mammary tumor virus promoter, which is known to be activated in a hormone-dependent manner during pregnancy and lactation, but only after multiple rounds of pregnancy and lactation. 17 Obviously tumor development depended on the high COX-2 expression in luminal epithelium of alveoli and ducts, because the low COX-2 levels in virgins, which were below the detection limit in Western blot analysis and which correlated to marginally stimulated PGE 2 levels as compared to wt controls did not cause neoplastic lesions but a precocious mammary gland differentiation. 17 In breast carcinogenesis, the role of high levels of estradiol as a hormone stimulating cell proliferation and as a procarcinogen inducing genetic damage is still under debate. 34 -36 Therefore, a synergistic stimulation of the carcinogenic process under repeated exposure to estrogen or other hormones and COX-2 cannot be ruled out in the mouse mammary tumor virus-COX-2 transgenic model.
As shown here, the K5 promoter-driven overexpression of COX-2 and the increased PGE 2 levels in mammary glands of transgenic virgins correlated with an increased Ki67 proliferation index of the ductal and alveolar epithelium as compared to age-matched wt virgins. Although COX-2 overexpression has been causally related to an inhibition of apoptosis, 37 such an effect does not seem to contribute to the observed transgenic phenotype, because the expression of anti-apoptotic Bcl-2 and proapoptotic Bax (immunoblot data not shown), or of active caspase 3 and of p53 were unaffected.
Previously, PGE 2 was shown to stimulate proliferation of mammary epithelial cells via EP receptor 38 -cAMP-dependent induction of aromatase in adipocytes subsequently leading to enhanced estrogen biosynthesis. 39, 40 Moreover, aromatase and COX-2 gene expression have been found to correlate positively in human breast cancer tissues. 41 Here in our transgenic approach, we present strong evidence for the association between increased COX-2 expression/PGE 2 levels and increased aromatase mRNA levels in vivo. Together with the observation that EP1 to EP3 receptors were expressed in these lesions, our observations may suggest, that local COX-2-mediated PGE 2 production leads via the activation of the protein kinase A and/or protein kinase C signaling cascades to the expression of the aromatase gene in an autocrine or paracrine manner, 42 and subsequently, the local estrogen biosynthesis and estrogen-dependent growth of mammary gland epithelium in vivo as well. 43 However, the fact that there is no coincidence between increased aromatase mRNA expression and elevated PGE 2 levels 7 weeks after birth may point to a more complex mechanism of aromatase induction. The expression of ER-␣, thought to render cells susceptible to the mitogenic stimulus of estrogen 44 was similar in wt and transgenic virgins (data not shown). In previous studies, it was shown that mouse mammary tumor virus-driven overexpression of aromatase caused ductal and alveolar hyperplasia and nuclear abnormalities in the mammary glands of virgins, similar to our K5 COX-2 transgenic virgins. Again no spontaneous tumor development was observed in this model. 45 The spontaneously developing mammary gland phenotype in K5 COX-2 transgenics bears analogy to that of a woman with a benign FC. This disease includes a heterogeneous group of lesions such as nonproliferative lesions (small or large cysts, fibroadenosis, apocrine changes, duct ectasia, and mild epithelial hyperplasia), proliferative lesions without atypia (sclerosing adenosis, moderate to florid epithelial hyperplasia), and atypical hyperplasia of ducts and lobuli. 5, 46 FC affects an estimated 50 to 90% of women during the reproductive years and has been assumed to be because of imbalances of hormones such as estrogen, progesterone, or prolactin. 46 -48 It is associated with a significantly increased risk of breast cancer, especially if the benign breast disease is of the proliferative and atypical type. 49 Here it is shown for the first time that aberrant COX-2 overexpression and elevated PGE 2 levels as well as increased aromatase expression levels in mammary glands are associated with various abnormalities of FC, including nonproliferative (cysts and duct ectasia) and proliferative abnormalities (moderate ductal and lobular hyperplasia). Intriguingly, COX-2 was also found to be overexpressed in HER-2-negative lesional epithelium of women with FC, indicating that aberrant COX-2 overexpression may be involved in the development of this disease in humans as well. Moreover, the preclinical data with the COX-2-selective inhibitor, which suppressed the phenotype of FCs in transgenics, points to a potential clinical application of COX-selective inhibitors in patients with FC.
